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We demonstrate an optically active nanotube-hybrid material by functionalizing single- wall nan- 
otubes with an azo-based chromophore. Upon UV illumination, the conjugated chromophore un- 
dergoes a cis-trans isomerization leading to a charge redistribution near the nanotube. This charge 
redistribution changes the local electrostatic environment, shifting the threshold voltage and in- 
creasing the conductivity of the nanotube transistor. For a ~l-2% coverage, we measure a shift in 
the threshold voltage of up to 1.2 V. Further, the conductance change is reversible and repeatable 
over long periods of time, indicating that the chromophore functionalized nanotubes are useful for 
integrated nano-photodetectors. 

PACS numbers: 73.63.Fg, 78.67.Ch, 82.37. Vb 



Recent experiments demonstrating the use of individ- 
ual single-wall carbon nanotube transistors as both pho- 
toabsorbers 0, 0, 0| and emitters [1, 0] have enhanced 
the prospects for using nanotubes in optoelectronic de- 
vices. In the case of photoabsorbers, the ability to tune 
the absorption window is limited by difficulties in syn- 
thetically controlling the nanotube chirality, and thus the 
band structure, as well as the formation of bound exci- 
tons [1, 0| ■ In principle these problems can be overcome 
by using chromophore functionalized nanotubes 
where the molecular photoabsorption can be syntheti- 
cally tuned independent of the nanotube electronic struc- 
ture. However, there are several issues that need to be 
addressed to make this approach viable: interactions be- 
tween the chromophore and the nanotube may lead to 
scattering of the charge carriers and device degradation; 
in the case of photoswitching by charge transfer between 
the chromophore and the nanotube, the hybrid must have 
the correct band alignment between the molecular or- 
bitals and the nanotube electronic states; photobleach- 
ing mechanisms in many chromophore systems can lead 
to the loss of optical activity. 

To circumvent these issues, we demonstrate an ap- 
proach based on the use of photoisomcrization of organic 
chromophores to optically modulate the conduction in in- 
dividual nanotube transistors. Chromophore isomeriza- 
tion causes a significant change in the molecular dipole 
moment, effecting a change in the local electrostatic envi- 
ronment. Atomistic modeling of the nanotube transistor 
in the presence of dipoles is used to support this mech- 
anism. These optically active nanotube-hybrids show no 
indication of bleaching and can be reliably switched over 
long periods of time. In contrast to a charge-transfer 
effect, the dipolar switching mechanism does not rely 
on the specific electronic states of the nanotube chan- 
nel; thus this mechanism is general and can be applied to 
other semiconducting nanomaterial systems. In addition, 
synthetic control of the chromophore offers the ability to 



tune both the absorption wavelength and sensitivity of 
the nanotube-hybrid transistor. 

We use an azobenzene-based chromophore, Disperse 
Red 1 (DR1), as the photo-switching side- wall function- 
ality. This molecule is known to isomerize under UV 
illumination, accompanied by a significant change in the 
dipole moment [ill ]. Experiments have shown that at 



equilibrium, the DR1 chromophore is in the trans con- 
formational state (Fig. [1} in which there is significant 
orbital overlap between the phenyl rings. Due to this 
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FIG. 1: (a) Under UV light, DR1 isomerizes from the equi- 
librium trans conformation to the metastable cis conforma- 
tion. In doing so, the molecular dipole moment changes from 
9 D to 6 D. (b) Reaction scheme for non-covalent nanotube 
functionalization. (DPTS=4-(dimethylamino)-pyridinium p- 
toluenesulfonate) (c) N(ls) core level photoelectron spectrum 
of the physisorbed anthracene-DRl functionality. 

conjugation and the presence of the strongly electroneg- 
ative nitro end group, the trans conformation has a con- 
siderable ~9 D dipole moment ll|. Under UV light, the 
chromophore isomerizes to the cis conformation (Fig. Q]) 
where the orbital overlap is significantly reduced, leading 
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to a smaller ~6 D dipolc moment. If left in ambient con- 
ditions, the cis isomer will relax to the more stable and 
less sterically hindered trans conformation. 

We functionalize nanotubes using non-covalcnt attach- 
ment of the DR1 chromophore via an anthracene tether. 
Though such chromophores can be attached to the nan- 
otube side-walls either covalently or non-covalently, non- 
covalent attachment is advantageous because it only 
weakly perturbs the nanotube electronic states. Poly- 
cyclic aromatic hydrocarbons such as pyrene and an- 
thracene have been shown to physisorb onto nanotubes 
by forming 7r — n bonds to the nanotube side-wall with 
little charge transfer [12, EH . Since most n — tt bound 
molecules can be easily removed using common solvents, 
non-covalent attachment also offers the ability to re- 
versibly functionalize nanotubes. The anthracene modi- 
fied DR1 is synthesized from 9-anthracenecarboxylic acid 
and DR1 using a dicyclohexylcarbodiimide (DCC) ester- 
ification reaction (Fig. [l}. The crude product is puri- 
fied by silica gel chromatography and the structure is 
confirmed using 1 H-NMR [l4j. After purification, the 
anthraccnc-DRl is dissolved in DMF for application to 
the nanotubes. Pure anthraccnecarboxylic acid is also 
dissolved for use as a non-functional control. 

The individual nanotube transistors are fabricated on 
highly doped silicon wafers with a 500 nm thermal ox- 
ide using chemical vapor deposition (CVD) and subse- 
quent lithography. The nanotubes are grown using iron 
and molybdenum nanoparticle catalysts at 900 °C us- 
ing methane feedstock with hydrogen co-flow (l5| . Un- 
der these CVD conditions, the average nanotube diame- 
ter is ~1.6 nm. After growth, electron and atomic force 
microscopy are used to locate individual nanotubes and 
electron beam lithography, metal deposition and 400 °C 
forming gas anneal (4:1 Ar/H^) are used to form con- 
tacts. A total of 12 devices are processed for this study, 
nine of which functioned as transistors after fabrication. 

After annealing, a drop of the anthracene-DRl (or an- 
thracenecarboxylic acid) solution is placed onto the chip 
and the sample is washed to remove the non-specifically 
bound chromophores. X-ray photoelectron spectroscopy 
(XPS, Fig. [Tfc) measurements confirm that the chro- 
mophore remains after washing and yield a coverage of 
1-2 molecules per 100 nanotube carbon atoms, calculated 
from the N(ls) to C(ls) intensity ratio [lij]. TV S charac- 
teristics of individual single-wall carbon nanotube tran- 
sistors before and after adsorption of the chromophore 
show minimal changes in the drain current, indicating 
that the anthracene-DRl molecules cause minimal scat- 
tering of the charge carriers, and no degradation in de- 
vice performance. Devices can exhibit threshold voltage 
shifts due to small chirality-dependent charge transfer 
from anthracene [HI]. Gate voltage scans to high posi- 
tive voltages show no indication of the n-channel opening 
up, indicating that the transistors are unipolar. 

UV-induced switching is performed using a handheld 



UV lamp with 254 nm and 365 nm lines and a low in- 
tensity of ~100 /LtW/cm 2 . Electrical measurements are 
performed in a nitrogen purged cell to eliminate the po- 
tential for ozone oxidation from UV excitation of the at- 



mospheric oxygen 17| . While measuring the drain cur- 
rent through a nanotube transistor, the gate voltage is 
varied to acquire a series of I-V s characteristics (Fig. [2]). 
Before illumination with UV light, the transistor shows 
p-type behavior with a threshold voltage of ~1 V. When 
the chromophore is isomerized to the cis conformation, 
the threshold voltage is shifted to the right, in this case 
by 0.7 V, and does not depend on the wavelength of UV 
light used. The threshold voltage shift under illumina- 
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FIG. 2: Transistor characteristics showing threshold voltage 
shifts under UV light. The threshold voltage is shifted by 
0.7 V for both 254 nm and 365 nm light and is fully reversible. 

tion was measured for five nanotube transistors; all show 
positive threshold shifts with a range of 0.6-1.2 V. This 
shift could indicate a charge transfer mechanism 9j o r 
a change in the local electrostatic environment [13, [l9| • 
Charge transfer from the chromophore to the nanotube is 
inhibited by the alkane spacer and anthracene tether sep- 
arating the chromophore and the nanotube and control 
experiments show no threshold voltage shift, indicating 
that there is no photo-induced charge transfer from the 
anthracene tether. An estimate of the amount of charge 
transfer needed for a IV threshold voltage shift gives 
0.07e/molecule, so we cannot entirely rule out charge 
transfer. However, since the UV photoisomcrization and 
concurrent dipolc moment change of DR1 is well estab- 
lished, we propose that the dipolc moment change acts 
as a small local negative gate voltage. The large transis- 
tor threshold voltage swing is due to the relatively short 
spacer group used to separate the chromophore from the 
nanotube (~1 nm for anthraccnc-DRl). 

To further test this mechanism, we performed quantum 
transport calculations of the nanotube transistor charac- 
teristics in the presence of dipoles. In brief, we use the 
non-equilibrium Green's function formalism implemented 
in a tight-binding formalism in conjunction with a Pois- 
son solver to self-consistently calculate the charge and 
the electrostatic potential in the device, and the conduc- 
tance [H H3 (this method is appl cable to calculations 
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of steady-state quantities; the time-dependence of the 
switching, as discussed below, is beyond the scope of this 
approach) . A schematic of the simulated device is shown 
in Fig. [31 it consists of a (17,0) nanotube (bandgap 0.55 
eV, radius 0.66 nm) sitting on SiC>2. At the ends of the 
computational cell, the nanotube is sandwiched between 
two metallic plates, forming the source and drain con- 
tacts. The bottom and top metallic plates have thick- 
nesses of 2.25 nm and 2 nm, respectively, and are sep- 
arated from the nanotube by 0.3 nm. The metal work 
function is 1 eV below the nanotube midgap, and after 
self-consistency, sits slightly below the valence band edge, 
creating an ohmic contact. Because of the computational 
demands of the calculations, we cannot simulate the ac- 
tual experimental device; instead, we focus on a smaller 
device of 35 nm channel length and with a gate oxide 
thickness of 4.5 nm. The results of our computations are 
then related to the experimental device by scaling the 
gate voltage by the ratio of the capacitances of the ex- 
perimental and simulated device, using the expression for 
the capacitance 27re/ ln(2i/i?) where t is the gate oxide 
thickness and R is the nanotube radius. Because of the 
high density of molecules on the nanotube surface, we 
assume that the dipole moment is perpendicular to the 
nanotube surface, and is modeled by a positive (negative) 
point charge of magnitude equal to the electron charge 
and at distance h (h + d) above the nanotube. From the 
molecule configuration we estimate h = 1 nm, and use 
a three-dimensional Gaussian distribution of the charge. 
The dipoles are evenly distributed on the nanotube us- 
ing the range of experimentally measured chromophorc 
densities. The trans to cis isomerization is studied by 
changing the value of d from 0.1 to 0.067 nm, reproduc- 
ing the molecular dipole moments of 9 D and 6 D. 

The calculated conductance as a function of gate volt- 
age is shown in Fig.[3]for the trans and cis cases, overlaid 
on the experimental data. A dipole spacing of 0.35 nm is 
used, corresponding to the midpoint of the range of chro- 
mophore densities measured by XPS. (The calculated 
conductance was rescaled by a factor 1/140 to match the 
experimental conductance in the ON state of the nan- 
otube transistor. The lower conductance of the experi- 
mental devices may be due to scattering in the nanotube 
or the presence of a small Schottky barrier at the con- 
tacts. The numerical results were also shifted by 0.65 V 
to match the threshold voltage of the trans experimen- 
tal data. The need for this shift may be due to dop- 
ing of the nanotube. The rescaling of the conductance 
and shift of the gate voltage are only necessary to repro- 
duce the conductance curve prior to illumination. Once 
this is obtained, no further adjustment is made, and the 
shifted conductance curve is obtained by changing only 
the dipole moment.) A threshold voltage shift of 700 mV 
is found, in excellent agreement with the experiments and 
supporting the dipole change mechanism as the reason for 
the modulation of the nanotube conductance. Calcula- 
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FIG. 3: Device simulations of the nanotube conductivity for 
both chromophore isomers (solid lines) compared with the ex- 
perimental data (gray symbols). The transistor characteristic 
for the 9 D trans isomer (red curve, left) shifts toward posi- 
tive gate voltages when the chromophore switches to the 6 D 
cis isomer (blue curve, right). As seen in the experiments, 
the threshold voltage is shifted to the right by 700 mV. Inset: 
Sketch of nanotube transistor used in the simulations, with 
the red arrows indicating the molecular dipoles. 



tions were performed for several dipole densities. From 
these results, the uncertainty in the measured dipole den- 
sity yields a range in the predicted threshold shift of ap- 
proximately 0.45-0.95 V, correlating well with the 0.6- 
1.2 V shifts measured for other devices. 

We turn next to the kinetics of the switching event, 
shown in Fig. [4j In (a), trans to cis isomerization under 
254 nm UV light leads to a uniform increase in the drain 
current. In addition, the magnitude of the current change 
is dependent on the gate voltage, with the largest signal 
arising from the subthreshold region of the I-V g charac- 
teristic near V 9 =0 V (see Fig. [2]). In both cases shown, 
the sample was illuminated three times, each of which led 
to an appreciable increase in the measured drain current. 
All fabricated transistors show increased drain current 
under UV illumination, with abrupt and repeatable tran- 
sitions. The transistors have shown repeatable switching 
for more than 100 cycles and over several months. 

DR1 has a finite absorption window in the UV region 
such that most UV wavelengths will isomerize the chro- 
mophore. Specifically, DR1 is sensitive to both 254 nm 
and 365 nm UV light, with an approximate 5:1 ab- 
sorbance ratio (254 nm:365 nm). Indeed, we see in Fig. [4Jd 
that 365 nm UV light also leads to modulation of the 
nanotube conduction, though the magnitude of change is 
the same for both wavelengths. Given the 5:1 absorbancc 
contrast, the equal modulation for both UV wavelengths 
indicates that the isomerization has saturated under the 
low intensity UV lamp. Though the current in this sam- 
ple decreases under continued 365 nm illumination, im- 
plying a relaxation of some chromophores to the trans 
state, other samples do not show this decrease and is 
thus specific to this device. 
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FIG. 4: Time traces at fixed gate voltage for two differ- 
ent nanotube-hybrid transistors showing multiple repeatablc 
switching events under both 254 nm and 365 nm light. Lower 
inset: Close up view of the transition under 254 nm light from 
the bottom graph. The smooth red line is a fit to the data 
using the Avrami equation (see text) with a time constant of 
~2 s. 

The inset to Fig. Uja shows a close up view of the transi- 
tion region under 254 nm UV light. The line through the 
data is a fit using the Avrami equation, Al = 1 — e~ Kt , 
where n=2 Using the time it takes for the cur- 

rent to change from 10% to 90% of the full signal, we 
can extract a rise time of ^2 seconds. The off-time is 
approximately the same, as are the switching times for 
365 nm light. This rise time seems surprisingly long for 
a molecular switching event, but is consistent with solid 
state implementations of DR1 in polymer matrices where 
molecule-molecule interactions can inhibit the kinetics of 
the isomerization [23|. Because the chromophores form 
a dense layer on the nanotube sidewalls, steric interac- 
tions between chromophorc units could reduce the over- 
all switching rates. Indeed, the n=2 Avrami exponent is 
characteristic of a 2-D growth mechanism from randomly 
dispersed nuclei, suggesting that the isomerization pro- 
ceeds from a few cis conformers in the DR1 layer. The 
measured switching time is also as fast or faster than 
other chromophore- nanotube systems. Experiments us- 
ing other chromophore systems show switching times on 
the order of tens to thousands of seconds [{| [e], ■ As- 
suming that sterics dominate the transition rate, diluting 
the chromophore concentration on the nanotube sidcwall 



could accelerate the switching. 

In summary, we have demonstrated the ability to non- 
covalently functionalizc individual nanotube transistors 
using an azobenzene dye. When the chromophore pho- 
toisomerizes, the resulting change in dipole moment mod- 
ifies the local electrostatic potential and modulates the 
transistor conductance by shifting the threshold voltage. 
The functionalized transistors show repeatablc switch- 
ing for many cycles and a modest ^2 s switching time. 
The low (^100 /iW/cm 2 ) intensities necessary to opti- 
cally modulate the transistor is in stark contrast to mea- 
surements of intrinsic nanotube photoconductivity which 
typically require 1 kW/cm 2 intensities Q. In addition, 
synthetic control of the nanotube hybrid systems should 
allow the tuning of the absorption window and magni- 
tude of dipole switching. 
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